INTRODUCTION
The extracellular matrix is known to play an important role in the shape, migration, control of growth and differentiation of cells. These effects are the result of multiple and complex interactions between the different cells and their surrounding matrix. Therefore, knowledge of the biosynthetic repertoire of extracellular matrix components from the different cells of a tissue is a prerequisite for understanding changes in the properties of this given tissue that occur during normal development and under pathological conditions. Considerable differences in the pattern of extracellular matrix proteins have been noted in cloned dermal fibroblasts (Goldring et al., 1990) . However, the dermal layer of the skin is composed of two main regions. The area directly beneath the epidermis is called the papillary layer, and the cells residing there are papillary fibroblasts. The region extending to the subcutaneous fat is the reticular layer, containining reticular fibroblasts. The two regions show certain differences. The papillary dermis is metabolically more active than the reticular layer (Harper and Grove, 1979) . Cultured papillary and reticular fibroblasts were found to differ in their growth potential (Harper and Grove, 1979; Azzarone and Macieira-Coelho, 1982; Schafer et al., 1985) , and quantitative differences in the glycosaminoglycan compositions of cell adhesion sites were noted (Beyth and Culp, 1985; Kent et al., 1986) .
Considering the extensive use of cultured human skin fibroblasts in studies of normal and disturbed metabolism and in investigations of the ageing process, one can anticipate a considerable cellular heterogeneity among fibroblast cultures obtained from full-thickness skin biopsies, especially because dermal atrophy during ageing concerns predominantly the papfibroblasts contain more mRNA coding for decorin than do reticular cells. In addition, no mosaic pattern of decorin expression was found in the cultured cells. The expression and synthesis of biglycan compared with decorin was about 10 times lower and did not show any significant differences for the two cells types. The kinetics of secretion and the rate of endocytosis of decorin were similar for both types of fibroblasts. These results were found with fibroblasts between the 9th and 15th passage from a newborn subject as well as from a 78-year-old donor, indicating that the pattern of decorin synthesis is not agedependent in the range investigated. These results further show that fibroblasts from different layers of the dermis have a specific pattern of synthesis of small chondroitin sulphate/dermatan sulphate proteoglycans, and they also maintain these patterns in cell culture. illary region. It seemed, therefore, worthwhile to study more thoroughly the properties of the two fibroblast subclasses in a comparative manner.
In the present study, attention is given to the small chondroitin/dermatan sulphate proteoglycans which are characterized by core proteins to which only one or two glycosaminoglycan chains are attached. Two small chondroitin/ dermatan sulphate proteoglycans have been defined in terms of their amino acid sequences, and the chromosomal localization of their genes has been established (McBride et al., 1990) . Biglycan (or small proteoglycans I) contains in most cases, as its name suggests, two polysaccharide chains on a mature core protein of 38 kDa (Fisher et al., 1989; Neame et al., 1989) . Decorin (or small proteoglycan II), on the other hand, consists of a mature core protein of 36 kDa (Krusius and Ruoslahti, 1986; Day et al., 1987) to which only a single glycosaminoglycan chain is attached (Chopra et al., 1985) . The functions of the small proteoglycans in vivo are not known precisely. Decorin has been shown to bind to fibrillar collagens and to inhibit fibrillogenesis in vitro (Vogel et al., 1984; Scott, 1988; Greve et al., 1990; Fleischmajer et al., 1991) . Its binding to type IV collagen (Bidanset et al., 1992) and fibronectin (Schmidt et al., 1987 Lewandowska et al., 1987) further suggests a role in the structural organization of the extracellular matrix. An influence on cell proliferation was deduced from the inhibitory effect of decorin on cell adhesion (Lewandowska et al., 1987; Winnemoller et al., 1991) and from the formation of inactive complexes between core protein and transforming growth factor-,8 (Yamaguchi et al., 1990) . Until now, no specific function has been ascribed to biglycan. Under the usual assay conditions it did not interact with collagen fibrils (Hedbom and Heinegard, 1989) (Fleischmajer et al., 1991) . Since in fetal human tissues the expression and localization of decorin and biglycan were substantially divergent and sometimes mutually exclusive, it has been assumed that the latter proteoglycan is most likely involved in functions other than matrix production and assembly (Bianco et al., 1990) .
The aim of the present investigation is to demonstrate the similarity as well as the heterogeneity of papillary and reticular fibroblasts in their expression of small proteoglycans in vivo and in cell culture.
EXPERIMENTAL cONA probes
Decorin cDNA was isolated from a A gtl 1 cDNA library prepared from proliferating human skin fibroblasts, which was kindly provided by N. Dewji, Department of Medicine, University of California, La Jolla, CA, U.S.A. Screening by the plaque hybridization method (Ausubel et al., 1987; Maniatis et al., 1989) was performed using a 32P-radiolabelled 30-mer oligonucleotide (GATGAGGCTTCTGGGATAGGCCCAGAAGTT) based on the 5'-terminal sequence of the cDNA for human decorin core protein (Krusius and Ruoslahti, 1986) . A 1.8 kb clone D6 was found to contain the coding region of decorin core protein (Krusius and Ruoslahti, 1986) . Howvver, the 5'-untranslated region was 57 bp longer and only agreed with the published sequence for 36 bp immediately upstream from the signal peptide start codon. The remaining 102 bp of the 138 bp sequence was different (L. A. Beavan, E. Quentin-Hoffman, and H. Kresse, unpublished work).
Plasmid P16, which contains a 1.7 kb cDNA encoding the fulllength human biglycan sequence, plus flanking regions on both the 5'-and 3'-ends (Fisher et al., 1989) , was generously provided by Dr. L. W. Fisher, NIDR, NIH, Bethesda, MD, U.S.A. ,-Actin cDNA, a 3.6 kb Hindlll fragment of the human ,-actinpseudogene H Ac-42 (Moos and Gallwitz, 1983) was donated by Dr. D. Gallwitz, University of G6ttingen, Germany.
Antibodies
Polyclonal antisera against deglycosylated decorin core protein prepared from the secretions of human skin fibroblasts (WitschPrehm et al., 1992) and against a biglycan-derived peptide coupled to BSA (Hausser et al., 1992) were raised in rabbits as described, except that additional booster injections were performed to obtain the latter antiserum. These antisera were purified by affinity chromatography on Sepharose CL-4B columns containing covalently linked decorin and biglycan core proteins respectively (Bosse et al., 1993 ). An antiserum against human fibronectin was obtained courtesy ofMs. M. Winnemoller of this Institute.
Cell culture Fibroblasts from the papillary and reticular dermis were kindly provided by Dr. B. R. Davis and Dr. I. A. Schafer, Cleveland Metropolitan General Hospital (Cleveland, OH, U.S.A.). They were obtained from subject 5 (1-day-old male; 32 weeks foetal maturity) and subject 8 (78-year-old male), respectively. They will be denoted RET and PAP respectively, with a subscript indicating the subject of origin. Details of both subjects and of the culture conditions have been published previously (Schafer et al., 1985; Beyth and Culp, 1985; Kent et al., 1986) . Cells between the 9th and 17th passages were used for experiments after the cell strains had been maintained for at least 10 days in modified Eagle's minimum essential medium containing non-essential amino acids, 10 % foetal calf serum (Boehringer Mannheim) and antibiotics as described (Cantz et al., 1972) .
Preparation of metabolically labelled proteoglycans
Equal numbers of trypinized cells (500000) were plated in 25 cm2 Falcon plastic flasks for 1 day prior to metabolic labelling with [35S]methionine (specific radioactivity 51 TBq/mmol) exactly as described (Glossl et al., 1984; Schwarz et al., 1990) . At the end of the incubation period the cell layer was extracted with detergents. The extracted proteins and the proteins secreted into the culture medium were sequentially treated with Protein A-Sepharose-bound antibodies directed against fibronectin, decorin and biglycan, under conditions analogous to those described before (Gl6ssl et al., 1984) . While the removal of fibronectin was not complete, re-precipitation experiments indicated that at least 90 % of total decorin and biglycan were recovered using the routine protocol. Equal aliquots of antibodybound proteoglycans were treated with chondroitin ABC lyase (Seikagaku Kogyo) or enzyme-free buffer (Gl6ssl et al., 1984) prior to SDS/PAGE (Laemmli, 1970) and fluorography (Bonner and Laskey, 1974) . To quantify the incorporation of [35S]_ methionine into decorin, areas on the gels corresponding to this proteoglycan were excised, dissolved in 30 % H202, and radioactivity was determined by liquid scintillation counting.
Endocytosis of proteoglycans Endocytosis of [35S]sulphate-labelled proteoglycans was determined exactly as described (Gl6ssl et al., 1983) . The principle feature of the assay procedure consists of the determination of intracellular radioactivity and of inorganic [25S]sulphate in the culture medium, thereby accounting for the fact that endocytosis is followed by intralysosomal degradation and concomitant release of inorganic sulphate into the culture medium.
Northern blot hybridization Total RNA was isolated by acid guanidinium thiocyanate/ phenol/chloroform extraction (Chomczynski and Sacchi, 1987) . For Northern analysis, RNA was electrophoresed in a 1 % agarose/2.2 M formaldehyde gel (Maniatis et al., 1989) and transferred overnight to a Hybond filter membrane (Du Pont de Nemours) according to Thomas (1980) . RNA was immobilized by illumination with u.v. light, and filters were pre-hybridized for at least 2 h at 42°C in a solution containing 50 % formamide, 1 % SDS, 0.1 % BSA, 0.004 % herring sperm DNA, 0.1 0% polyvinylpyrrolidone, 0.1 % Ficoll-400, 0.9 M NaCl, 0.5 M EDTA and 0.05 M sodium phosphate, pH 7.7. Hybridization was carried out at 42°C overnight in prehybridization buffer containing 10% dextran sulphate and denatured [32P]cDNA probe. The probes had been radioactively labelled to a specific radioactivity of (1-4) x 108 c.p.m./,ug with [32P]ac-dATP (specific radioactivity 111 TBq/mmol; Amersham-Buchler) using the random-primed oligonucleotide method (Feinberg and Vogelstein, 1983) . The filters were washed with 0.1 % SDS in 30 mM NaCl and 3 mM sodium citrate, pH 7.0, at 42-68°C, depending on the probe used, and exposed on Kodak X-Omat films with intensifying screens at -70 'C. The filters could be reused after removal of the probe with a solution consisting of 0.002 % BSA, 0.002 % Ficoll-400, 0.002 % polyvinylpyrrolidone, 2 mM EDTA and 5 mM Tris/HCl, pH 8.0.
In situ hybridization An EcoRI/HindIII fragment of the human decorin cDNA, encoding the 5'-untranslated region and about half of the coding Decorin expression by papillary and reticular fibroblasts 
Immunostaining
For immunostaining, the same cryosections as for in situ hybridization were used. Sections were rehydrated by dipping them sequentially in 50 % ethanol, 30 % ethanol and PBS. Nonspecific binding was blocked by incubation with 50 (w/v) BSA and 10 % (v/v) normal goat serum in PBS for 2 h at 37 'C. The slides were then treated with affinity-purified polyclonal antidecorin antibodies diluted 1:500 with solution A (1 % BSA in PBS) for 2 h at 37 'C. As a control, antibody pre-adsorbed with human decorin was used. All slides were washed three times with solution A before a 1:1000 dilution of goat anti-rabbit IgG labelled with peroxidase (Sigma) was added for 2 h. After another washing step, antibody binding was detected with 0.75 mM diaminobenzidine (Sigma) and 0.0150% H202. Counterstaining was performed as described before.
RESULTS
Dermal distribution of small proteoglycans In cryosections of normal human skin, positive immunostaining for decorin was obtained in the whole dermal layer, but not in the epidermis (Figure la) . It appeared that the papillary dermal layer was more intensely stained than the reticular layer. Immunoreactivity for biglycan was preferentially obtained in the upper layer of the epidermis and in a small zone of the dermis in the proximity of the basal cell layer of the epidermis (Figure lb) . Beneath this zone there was no evidence for a concentration gradient of biglycan. The uneven distribution of decorin prompted us to search for decorin-producing cells by in situ hybridization. It could be shown with an antisense riboprobe encoding for more than 50 % of the coding region of human decorin cDNA that dermal fibroblasts express decorin mRNA (Figure 2a ). More silver grains were found over cells closer to the dermal-epidermal border than over cells deeper in the dermal layer. Using an antisense riboprobe which contained about 80 % of the coding region of biglycan cDNA, and which gave in a Northern hybridization procedure a positive signal, we did not find significant hybridization under the conditions used (results not shown). These experiments suggest that decorin core protein is predominantly synthesized in the papillary layer of normal human skin, supporting the immunochemical data.
Proteoglycan biosynthesis by cultured papillary and reticular fibroblasts
To examine whether fibroblasts derived from the papillary and the reticular dermal layers show that same behaviour in cell culture, we again used immunological procedures and in situ hybridization techniques. Equal numbers of cells were metabolically labelled with [35S]methionine for 4 h, and decorin was quantified in the cell layer and culture medium by immune precipitation followed by SDS/PAGE. It is shown in Table 1 that PAP, cells secreted 5.9 times and PAP8 cells 2.2 times more decorin than the respective reticular cells. Similar differences were noted in two additional and independent experiments when the cultures had passed two and four further passages respectively. The respective ratios of secreted decorin to secreted biglycan were 4.3 and 7.4 in subject 5 and 4.0 and 2.9 in subject 8. No such differences were noted when the amount of cellassociated decorin was quantified. Likewise, the incorporation of [35S]methionine into total protein synthesized by papillary and reticular fibroblasts was rather similar. The electrophoretic mobility of intact decorin from the secretions of reticular fibroblasts was somewhat slower than that of the papillary fibroblast product, suggesting the presence of a slightly longer glycosaminoglycan chain (Figure 3) . Additionally, the electrophoretic mobility of decorin differed slightly between PAP5 and PAP8 cells. These aspects, however, were not further investigated. Quantification of decorin was complemented by quantitative immune precipitation of biglycan. Since under our culture conditions the biosynthesis of biglycan amounts to only 5-10 % of that of decorin in fibroblasts from normal donors, the experimental variability is relatively greater. From the three separate experiments of biosynthetic labelling, the existence of major differences in the biosynthesis of biglycan by papillary and reticular fibroblasts could be excluded. An additional observation concerned the appearance of biglycan behaving electrophoretically like a proteoglycan with a single glycosaminoglycan chain only (Figure 3 ). This finding could not be explained by coprecipitation of decorin, because proteins of the expected size of the biglycan core proteins were obtained after digestion with chondroitin ABC lyase.
Whereas papillary and reticular fibroblasts exhibited considerable differences in the quantities of secreted decorin, the amounts of the cell-associated proteoglycan differed only by a factor of up to 1.5 between the two cell types. Such an observation might be explained by a delayed intracellular transport of decorin in reticular fibroblasts when compared with papillary cells. However, pulse-chase experiments indicated that both dermal cell types exhibited similar secretion kinetics (Figure 4 ). The metabolic differences between reticular and papillary fibroblasts could not be attributed to differences in the capacities of receptor-mediated endocytosis of secreted decorin. When PAP8 and RET8 fibroblast cultures were challenged with 100000 c.p. fibroblasts when referred to ,l-actin mRNA. The same blot was also hybridized to a biglycan probe. The signal found was very weak (3 days of exposure) compared with that of decorin (3 h of exposure). This result agrees with the known poor expression of biglycan in human skin fibroblasts. However, no significant differences in biglycan expression by reticular and papillary fibroblasts were found.
In a final set of experiments, in situ hybridizations with decorin riboprobes were performed as shown in Figure 6 . Although with the sense probe some background reaction could still be seen, the antisense probe reacted much more strongly with papillary than with reticular fibroblasts. It should also be noted that all individual papillary fibroblasts gave a positive signal. This excludes the possibility that mosaicism in decorin expression is responsible for the differences observed between papillary and reticular fibroblasts.
DISCUSSION
It had been demonstrated previously that small dermatan sulphate proteoglycans show quantitative and structural heterogeneity, depending on the tissue of origin of the synthesizing fibroblasts (Larjava et al., 1988) . The data provided in the present paper show that fibroblasts derived from a single tissue exhibit characteristic differences in the expression of the small proteoglycans decorin and biglycan. While most of our results
were obtained by analysing cultured cells grown from the papillary and reticular layers of human dermis, in situ hybridization and immunological studies also suggest the existence of similar differences in the intact organ. Reticular fibroblasts differ from papillary fibroblasts by exhibiting more extensive cell spreading, resulting in lower cell densities (Schafer et al., 1985) . In this respect they resemble senescent cells (Bayreuther et al., 1988) . However, cells with the same morphology could be obtained in primary culture from the border between the dermis and the adipose tissue of a full-thickness biopsy. These cells, too, exhibited a lower decorin biosynthesis rate than comparable cells from the superficial layer (E. Schonherr and H. Kresse, unpublished work). Therefore the lower capacity of reticular cells for decorin biosynthesis does not appear to result from an in vitro ageing process. Furthermore, our results could be reproduced with cells between the 9th and 15th passages. Similar findings were recorded with fibroblasts from newborn and senescent donors. Vogel and Clark (1989) also did not detect age-related changes in decorin and biglycan production in fibroblast cultures obtained from full-thickness biopsies. Papillary and reticular fibroblasts differ in their glycosaminoglycan distribution patterns in substratum adhesion sites (Beyth and Culp, 1985; Kent et al., 1986) . After detergent extraction of confluent fibroblasts, we were unable to detect decorin and biglycan in a subsequent 4 M guanidinium chloride extract (E. Schonherr and H. Kresse, unpublished work) . In fibroblast cultures, decorin has an anti-adhesive role (Winnemoller et al, 1991 (Winnemoller et al, , 1992 . One could speculate that the greater expression of decorin by papillary fibroblasts is contributing to the greater cell density achieved in papillary cultures.
However, the mechanism causing this effect remains unknown, and is probably due to alterations of decorin in substratum adhesion sites.
The expression of decorin and biglycan core proteins in fibroblasts is regulated by several cytokines, e.g. interleukin-1 and transforming growth factor-, Romaris et al., 1991; Westergren-Thorsson et al., 1991) . These factors can act in an autocrine or paracrine fashion. However, maintaining reticular fibroblasts in media conditioned by papillary fibroblasts, and vice versa, had no significant influence on proteoglycan expression (E. Schonherr, unpublished work). Our observation of an increased expression of decorin in papillary compared with reticular fibroblasts is, therefore, best explained by a stable genetic programme.
Considering the wide use of fibroblast cultures in studies on normal and distributed proteoglycan metabolism, our results emphasize the need to consider the heterogeneity of cell populations that could be present in a single fibroblast culture. This note of caution would be especially important if the donor of a skin biopsy is suffering from a disorder that preferentially affected one of the dermal layers.
